In tro duc tion
To day, sci en tific re search in this field has con cen trated on sys tems which use di rect meth ods of pro duc ing hy dro gen (H 2 ) with out car bon di ox ide (CO 2 ) emis sions, such as the photo elec tric dis so ci a tion of wa ter [1, 2] . How ever, these sys tems can pro duce only hy dro gen, whereas sys tems that use sep a rate pro cesses to con vert pho ton en ergy to elec tric en ergy (pho tovol taic -PV -mod ules) and to dis so ci ate wa ter can be set up to pro duce ei ther elec tric en ergy or hy dro gen, or both at the same time. In ad di tion to po lit i cal, eco nomic, and eco log i cal rea sons, this is one more rea son why such sys tems are con stantly be ing im proved. Out of 194 plants produc ing hy dro gen for hy dro gen fuel cell ve hi cles made un til to day, 68 (35%) of them pro duce hy dro gen by means of elec trol y sis [3] and 15 plants (8%) pro duce elec tric ity with out emit ting CO 2 by us ing PV mod ules, i. e. by us ing so lar en ergy. How ever, in gen eral, PV mod ules are com mer cial mod els with ba sic elec tri cal char ac ter is tics that need not be ideal for link ing them di rectly to an electrolyzer, so a power elec tron ics in ter face unit (max i mum power point -MPPtracker with a DC/DC con verter) must be used in or der to en able the electrolyzer to use all the elec tric ity cre ated by the PV mod ule dur ing chang ing lev els of so lar irradiance [4] . It has already been shown that in clud ing this in ter me di ate elec tronic in ter face unit raises the cost of the sys tem by 700 $/kW [5] . There fore, some au thors [6, 7] have pro posed the op tion of di rectly con nect ing a PV mod ule and an electrolyzer with out us ing a power elec tron ics in ter face unit. The meth od ol ogy ac cord ing to [8] aims at de sign ing a sys tem to achieve an over lap be tween the MPP tra jec tory of the PV mod ule and the U-I char ac ter is tic of the electrolyzer at any level of solar irradiance as much as pos si ble. Ac cord ing to [8, 9] , an ef fi ciency of over 90% has been achieved when the prep a ra tion of U-I char ac ter is tics both of the PV sys tem and the electrolyzer is pro posed. Fur ther more, the MPP tra jec tory of the PV sys tem is sim ply ad justed to match commer cial mod ules with known char ac ter is tics, but deeper causes of its shape or in cli na tion have not been in ves ti gated. Hence, this pa per shows that the elec tri cal pa ram e ters, such as se ries and par al lel re sis tance, R s and R p , re spec tively, and the non-ideality fac tor m, within a rel a tively narrow area of the PV cell tem per a ture in flu ence the po si tion of the MPP tra jec tory in re la tion to an ar bi trarily se lected, but ex per i men tally mea sured U-I char ac ter is tic of an electrolyzer. The goal was not to achieve the over lap of the char ac ter is tics, but sim ply to ob serve the in flu ence of the above men tioned fac tors in the PV mod ule. The U-I char ac ter is tic of the electrolyzer is not varied; the tem per a ture and pres sure in the electrolyzer, as well as the num ber of elec trodes (i. e. anode -cath ode pairs) are kept con stant, i. e. this char ac ter is tic serves only as an ex am ple of the goal. Since in this study, only the so lar irradiance E, the PV cell tem per a ture T, the volt age U, the elec tric cur rent I, the short cir cuit cur rent I sc and the open cir cuit volt age U oc of the PV module were avail able dur ing out door mea sure ments, the in flu ence of the se ries and par al lel re sistance, R s and R p , and the non-ideality fac tor m on the po si tion of the MPP tra jec tory was ex amined by us ing a Simulink [10] math e mat i cal model of a PV mod ule. There also ex ist, of course, many other so phis ti cated meth ods for MPP cal cu la tions [11] . The ref er ence math e mat i cal model as sumes a one-di ode model in which these pa ram e ters are de fined in such a way that the U-I char ac ter is tic of the PV mod ule is re pro duced, with min i mal de vi a tion and with mea surements of the real U-I char ac ter is tic at the so lar irradiance of E = 900 W/m 2 and the PV cell temper a ture of t = 48 °C.
Ex per i men tal ap pa ra tus
Com mer cial PV mod ules built from 36 PV cells gen er ally have a MPP tra jec tory that curves to the right, fig. 1(a) , un der STC (Stan dard Test Con di tions: PV cell tem per a ture t = 25 °C, ref er ence air mass AM of 1.5, so lar irradiance level E = 1000 W/m 2 ). How ever, the tra jec tory is some times ver ti cal, fig. 1(b) , and only very rarely it curves to the left, fig. 1(c) . The rea son for this is that man u fac tur ers at tempt to make the fill fac tor (FF) as close to 1 as pos si ble and that these trajec tory mea sure ments as sume a con stant tem per a ture (in de pend ent from so lar irradiance E). The FF is cal cu lated ac cord ing to eq. 1. A com mer cial electrolyzer can only have a U-I charac ter is tic sloped to the right ( fig. 2) . Fig ures 1 and 2 show that if the use of a power electron ics in ter face unit is avoided, the MPP tra jec tory of the PV mod ule (or ar ray) has to be curved to the right, matching the slope of the electrolyzer and be ing as close as possi ble to its char ac ter is tic, fig. 3 .
The MPP tra jec tory of the PV mod ule can be aligned with the U-I char ac ter is tic of the electrolyzer us ing appro pri ate de signs of the PV mod ule and electrolyzer or rather by vary ing the num ber of se rial con nected cells and the num ber of par al lel cell strings of the PV mod ule. In this pa per, how ever, only the pos si bil ity of mod i fy ing the MPP tra jec tory of a sin gle PV mod ule will be ex am ined while the U-I char ac ter is tic of the electrolyzer is kept con stant. 
Ex per i ment
The ex per i ments were per formed in May/June when it was pos si ble to make use of a large amount of so lar irradiance. This is very im por tant be cause the aim of this pa per is to study pow er ful pa ram e ters on the PV mod ule MPP tra jec tory. The ref er ence U-I char ac ter istic of the electrolyzer used in this pa per co mes from ex per i men tal mea sure ments of a lab o ratory pro to type of an electrolyzer with one pair of elec trodes (an ode and cath ode). The electrode lay out is 90 ´ 50 mm with thick ness of 2 mm and the elec trode is made of nickel (Ni) metal foam [12] . The ex per i men tal U-I char acter is tic of the electrolyzer is shown in fig. 4 . The real PV mod ule used to de ter mine the math e mat i cal model is made of 18 PV m-Si cells of 125 ´ 65 mm, con nected into two par al lel strings of 9 cells (mod ules made by Solaris, Novigrad, Croatia; PV cells made by Helios, Padua, It aly). The U-I char ac ter is tics were measured in real con di tions of so lar irradiance. Fig ure 5 (a) shows a di a gram of the mea sured pro cess which in cludes a PV mod ule, a load (vari able rheo stat re sis tor), an ampermeter, a volt me ter and a so lar irradiance sen sor par al lel to the plane of the PV mod ule. Fig ure 5(b) shows the re sults of the mea sure ments.
The tem per a tures shown in fig. 5 are av er age tem per a tures of the PV mod ule dur ing the mea sure ment of each char ac ter is tic (the larg est range is 3.5 °C and the small est 0.7 °C with con stant so lar irradiance and the range is de ter mined by wind speed). Fur ther more, it can be seen that the to tal range of the tem per a ture val ues at which the char ac ter is tics were re corded does not ex ceed 20 °C. A cor re spond ing FF has also been cal cu lated on the ba sis of these data, which are pre sented in tab. 1. Fig ure 5 also shows the cor re spond ing real-val ued MPP tra jec tory which has a curve that is suit able for match ing with the U-I char ac ter is tic of the electrolyzer at low so lar irradiance and very un suit able at high val ues. The ques tion in stantly pres ents it self: would it be pos si ble to curve that part of the MPP tra jec tory to the right and which pa ram e ters of the PV mod ule de termine the slope? An swers to these ques tions are ex am ined later . Fig ure 6 shows the mea surements of the re la tion ship of the pa ram e ters of the short cir cuit cur rent I sc and the open cir cuit volt age U oc to so lar irradiance in real out door con di tions.
Fig ure 6 shows that the PV cell tem per a ture is lower at lower lev els of so lar irradiance as this can be seen in fig. 5 . This ef fect is doc u mented in lit er a ture [13] and is ex pressed by the fol low ing equa tion: 
Electrolyzer
The struc ture of the math e mat i cal model of the electrolyzer is given ac cord ing to [15] and the pa ram e ters, such as the pa ram e ter re lated to ohmic re sis tance of elec tro lyte a, co ef fi cient for overvoltage on elec trodes b, and co ef fi cient for overvoltage on elec trodes c, are de ter mined by us ing the curve fit ting tool of the Matlab Soft ware on the ba sis of the mea sure ment re sults shown in fig. 4 . 
PV mod ule MPP tra jec tory
The math e mat i cal model of the PV mod ule is a one-di ode model [16] [17] [18] given in the equa tion:
where 
It should be em pha sized that in this model, the quan ti ties of se ries and par al lel re sistance and the non-ideality fac tor are con stants, and short cir cuit cur rent, open cir cuit volt age, and sat u ra tion dark cur rent are de pend ent on so lar irradiance and PV cell tem per a ture. The val ues for these con stants are: R s = = 0.099 W, R p = 20 W, m = 1.6, de termined at E = 900 W/m 2 and t = 48 °C. This model will be re ferred to as the ref er ence model. A com par i son of the math e mat i cal mod els and the mea surements of the PV mod ule MPP tra jec tories and the electrolyzer U-I char ac teris tics is given in fig. 7 . Fig ure 7 shows that in real con di tions the ex per i men tal PV mod ule has a com pli cated (curved) in cline (slope) in creas ing to the left with the ris ing of the PV cell tem per a ture and so lar irradiance. Fur ther more, the MPP tra jec tory of the ref er ence model (cal cu lated for the mea sured irradiance, mea sured PV cell tem per a ture and mea sured open cir cuit volt age) shows a sat is factory agree ment with the mea sured tra jec tory. This con firms that our ref er ence model pre sented in this pa per can be used in fur ther anal y ses.
The ef fect of elec tric pho to vol taic mod ule pa ram e ters on max i mum power point tra jec tory
It is well known that the elec tri cal pa ram e ters in the one-di ode PV cell model, so lar irradiance E and PV cell tem per a ture T, are de pend ent [19] . In the in ves ti ga tion pre sented in this pa per, the ex act de pend ence of the PV cell model elec tri cal pa ram e ters, such as se ries and par allel re sis tance, R s (E, T) and R p (E, T), the non-ideality fac tor m (E, T) and the sat u ra tion dark current I s (E, T), was not known and the main elec tri cal pa ram e ters, such as the open cir cuit volt age U oc (E, T) and the short cir cuit cur rent I sc (E, T) as well as the PV cell tem per a ture and so lar irradiance, were mea sured only within the very re stricted so lar irradiance and PV cell tem per ature range. By us ing eq. (7) it is pos si ble to ex press the re verse cell sat u ra tion cur rent I s us ing the mea sured vari ables of the open cir cuit volt age and the short cir cuit cur rent, which are readily depend ent on so lar irradiance and PV cell tem per a ture. In this way, the ba sic in put vari ables in the ref er ence model are so lar irradiance, PV cell tem per a ture, and open cir cuit volt age. To ob tain the MPP tra jec tory [20] the so lar irradiance value in a cer tain range should be used. The cho sen val ues are the same as those in the out door mea sure ments: 1000, 900, 800, 700, 600, 500, 380, 260, and 160 W/m 2 . Each of the cor re spond ing U-I char ac ter is tics was cal cu lated at the mean mea sured PV cell tem per a ture (this is the arith me tic mean of the mea sured load points of the PV cell tem per a tures) for the re spec tive so lar irradiance. There af ter, the ref er ence MPP tra jec tory was plot ted (the curve sim u la tion MPP tra jec tory in fig.7 ). Ac cord ing to [16] it is known that the ranges of the PV cell elec tri cal pa ram e ters can be roughly es ti mated as fol lows: 0.001 < R s < < 0.2, 0.1 < R p < 1000, and 1 < m < 5. In ad di tion to the above men tioned de pend ency on so lar irradiance and PV cell tem per a ture, these val ues also de pend on PV cell pro duc tion tech nol ogy [16] . This fact al lows the au thors to use ar bi trary val ues within the ranges stated in this in ves tiga tion of the in flu ence of these val ues on the cur va ture and the slope of the MPP tra jec tory. Figures 8, 9 , and 10 show the in flu ence of se ries and par al lel re sis tance and the non-ideality fac tor on the ref er ence MPP tra jec tory in com par i son with the sim u lated MPP tra jec to ries ob tained for dif fer ent val ues of these pa ram e ters. Each fig ure is di vided into three di a grams. The ref er ence di a gram pre sent ing the ref er ence MPP tra jec tory is in the mid dle ( fig. 7 with out the electrolyzer char ac ter is tics) while the sim u lated tra jec to ries for smaller and larger val ues of the se ries and par al lel re sis tance and the non-ideality fac tor are po si tioned on the left-hand and the right-hand side. The iso lated ef fect of the PV cell tem per a ture on the MPP tra jec tory could be in ves ti gated in a sim i lar way by us ing this ref er ence model; this, how ever, would be be yond the scope of this pa per. Ac cord ing to [19] it can be seen that the se ries re sis tance in creases with higher PV cell tem per a ture, es pe cially if so lar irradiance is de creas ing. This is an un wanted in flu ence on the up per part of the MPP tra jec tory and the ef fect can be clearly seen in fig. 7 . The par al lel re sistance de creases with higher PV cell tem per a ture and this can also be seen as an un wanted in fluence on the cur va ture of the MPP tra jec tory. The non-ideality fac tor de creases with higher PV cell tem per a ture and in creases with higher so lar irradiance [19] . This can ex plain the fact that changes in the non-ideality fac tor do not af fect the MPP tra jec tory cur va ture ( fig. 10 ) . Fig ure 8 shows the in flu ence of a se ries re sis tance change on the MPP tra jec tory if se ries re sis tance is 0.2, 0.099 and 0.02 W. It can be seen that a de crease in the se ries re sis tance moves the up per part of the tra jec tory to the right if the other two pa ram e ters (par al lel re sis tance and non-ideality fac tor) are kept con stant. 9 shows the in flu ence of a par al lel re sis tance change on the MPP tra jec tory in a range of val ues of 100, 20, and 5 W. It can be seen that an in crease in the par al lel re sis tance moves the lower part of the tra jec tory to the left. The up per part is much less af fected.
Fig ure 10 shows the in flu ence of the non-ideality fac tor m for m = 1, 1.6, and 3. It can be seen that a de crease in this value shifts the whole tra jec tory to the right, but the up per and the lower cur va ture are not af fected.
Con clu sions
The aim of this pa per was to in ves ti gate the ef fects of the most pow er ful pa ram e ters on the op er at ing (U-I) char ac ter is tics and the MPP tra jec tory of a PV mod ule. These pa ram e ters were de fined in a range of val ues ac cept able for PV mod ules in gen eral. The re sults were completed af ter a num ber of sim u la tions per formed by us ing Matlab/Simulink soft ware. All dependences of the PV mod ule op er at ing char ac ter is tic on ev ery sin gle pa ram e ter were taken into con sid er ation. Ac cord ing to the per formed sim u la tions and ex per i ments, it should be empha sized that for an ef fec tive PV mod ule op er a tion di rectly con nected with an electrolyzer, a detailed de sign anal y sis is nec es sary. This is im por tant be cause of po ten tial losses in the sen si tive con nec tions of the sys tem de sign which leads to un wanted slopes of the PV mod ule op er at ing char ac ter is tics and the MPP tra jec tory. In this pa per, the pos si bil ity and con se quences of vari ations of these pa ram e ters are ex plained in the ory and proved with sim u la tions and ex per i men tal re sults. It is not sim ple to de fine the ac tual val ues of the men tioned pa ram e ters and the knowledge of and how to use dif fer ent meth ods of cal cu lat ing val ues is re quired be cause there is no man u fac turer's in for ma tion about mea sured or sim u lated val ues of these pow er ful pa ram e ters, such as se ries re sis tance, par al lel re sis tance, and non-ideality fac tor, es pe cially un der vari able so lar irradiance. From the graphs of the MPP tra jec to ries, the fol low ing can be con cluded regard ing the in flu ence of elec tri cal pa ram e ters of PV mod ules on the MPP tra jec tory and its overlap ping with the U-I char ac ter is tic of the electrolyzer: it is gen er ally pref er a ble if the se ries re sistance R s tends to be smaller, the par al lel re sis tance R p tends to be higher, and the non-ideality fac tor m closer to 1 (smaller m gen er ally moves the whole tra jec tory to the right). Some of these pa ram e ters can be con trolled (min i miz ing R s and max i miz ing R p in creases the ef fi ciency of the mod ule) while oth ers are de ter mined by fac tors, such as so lar irradiance and PV cell tem per ature, that can not be in flu enced. An in crease in so lar irradiance gen er ally in creases the so lar cell tem per a ture which has an un wanted ef fect of in creas ing the se ries re sis tance. This leads to the con clu sion drawn by the au thors that when us ing a PV mod ule to gether with an electrolyzer with out a power elec tron ics in ter face unit it might be ad vis able to add a cool ing sys tem to the mod ule. This leaves room for fur ther in ves ti ga tions into PV mod ule and electrolyzer sys tems with out power elec tron ics in ter face units. 
